kg/m 3 ), which may be explained from the high ratio (acoustic energy/sample mass) found under 35 those experimental conditions. Therefore, the application of ultrasound was considered as a 36 useful technology with which to improve the convective drying, although its effects may be 37 reduced at high mass load densities.
INTRODUCTION
to accelerate the mass transfer process is a promising technology with which to improve yields 42 or reduce energy demand [1, 2] . Ultrasonic applications in solid-liquid systems are the most
Ultrasonic assisted convective drier
Drying experiments were carried out using an ultrasonic assisted convective drier (Fig. 1) . It by an air borne ultrasonic device. It includes an aluminum vibrating cylinder (internal diameter 
117
(diameter 100 mm and height 100 mm). A sponge was used as coupling material (number 7,
118
Fig. 1) and placed between the vibrating cylinder and the sample loading chamber in order to 119 achieve an optimal vibration mode and avoid air losses.
120
The drier operated automatically; the air velocity and temperature were controlled using a PID 121 algorithm. A balance (number 12, Fig. 1 ) wired to the sample loading chamber allowed the 122 samples to be weighed at preset times by using two pneumatic moving arms (number 8, Fig. 1 ).
123
The drying air was deviated from the drying chamber during weighing by using a 3-way valve 6
Drying experiments
Since carrot drying has been the matter of many published articles, it was chosen as the raw 131 material [29] [30] [31] , and as such, it may be a reference material to evaluate the ultrasonic influence 132 on mass transfer processes. Carrots (Daucus carota var. Nantesa) were purchased in a local market (Spanish origin). Cubic samples were obtained using a household tool. Carrot cubes
134
were sealed in plastic films to avoid moisture loss, and maintained at 4±1 ºC until processing
135
(storage time of under 24 hours).
136
The drying experiments of carrot cubes (side 8. 
148
of 75 W to the ultrasonic transducer during air drying (Fig. 1, number 9 ). AIR and US
149
experiments were replicated at least three times.
150
AIR and US experiments were also performed using carrot cubes (side 17 mm) to validate the 151 modeling subsequently described in Section 2.3. In these tests, the following experimental 152 conditions were maintained: mass load density of 36 kg/m 3 at 40 ºC and 1 m/s.
153
Before starting the experiments, the sealed samples were warmed for 15 min at the drying 154 temperature. Then, the samples were unwrapped, placed on the trays and inserted in the drying 155 chamber. Sample weight was measured at preset times (5 min).
Modeling

160
Water transfer during drying was described by considering the diffusion theory. The governing equation (Eq. 1) was obtained not only by considering the temperature to be uniform, but also 162 the effective moisture diffusivity and sample volume during drying to be constant [33] .
163
( ) 
where Wp is the local moisture content (kg w/kg dry matter), De is the average effective moisture 165 diffusivity (m 2 /s), t time (s) and x, y, z represent characteristic coordinates of cubic geometry.
166
In order to solve Eq. 1, uniform initial moisture content was assumed as the initial condition.
167
Three boundary conditions were derived from the solid symmetry. 
where L represents the half length of the cubic side (m), ρds is the dry solid density (kg dry 177 matter/m 3 ), k the mass transfer coefficient (kg w/m 2 /s), aw the water activity in the solid surface
178
and ϕair the relative humidity of drying air. Sorption data obtained from the bibliography were used to estimate the relationship between water activity and average moisture content for Heat and mass balance in the drying air were considered in order to estimate the change in the psychometric properties of air through the bed and evaluate the degree of saturation [35] . The 183 increase of air moisture through the bed will depend on the water evaporation rate, which is a 184 function of drying time as well as mass load density. Thus, the maximum water evaporation rate 185 for the early drying stages was found at the highest mass load density tested (average 0.02x10 -186 3 kg/s). At this value, an increase of the air's relative humidity from 19.7 to 34% was obtained,
187
which does not constitute a significant enough increase to slow down drying kinetics. As a 
199
The effective moisture diffusivity and mass transfer coefficient were simultaneously identified 200 from the experimental data using the SIMPLEX method [35] . The objective function to be 201 minimized was the sum of the squared differences between the experimental and the calculated 202 average moisture content.
203
In order to evaluate the fit of the models, the explained variance (VAR, Eq. 5) and the mean 204 relative error were computed (MRE, Eq. 6). The joint interval confidences (95 % statistical 205 significance) were also calculated in order to estimate the consistency of the simultaneous 206 identification of both parameters [37] .
where S 2 W and S 2 tW are the variance of the sample and the estimation, respectively, Wei and Wci
210
are the experimental and calculated average moisture contents and N the number of 211 experimental data.
212
The analysis of variance (ANOVA) was carried out and LSD intervals (p<0.05) were estimated 
226
Once the influence of mass load density on air drying saturation through the bed (see Section increased when ultrasound was applied. It seems that the influence of power ultrasound was 235 similar at high and low mass load densities (Fig. 4) 
256
From the experimental results, the influence of power ultrasound on the mass transfer process 257 which takes place during the convective drying of carrot cubes cannot be fully addressed, since 258 ultrasonic influence may affect external or/and internal resistance. In addition, the ultrasonic 259 influence needs to be quantified. Modeling may be considered not only a useful tool with which 260 to clarify these issues, but also one that may be used to predict the behaviour of the system under different operational conditions [40] , which is very useful in drier design and optimization.
Modeling
Results
266
The 
294
The influence of mass load on the convective drying rate may be considered in the external 295 resistance to mass transfer, as was previously noticed from experimental data. The identified 296 mass transfer coefficients confirmed this assumption since they showed there was a significant 297 (p<0.05) influence of mass load density (Table 1; Fig. 6 ). This parameter was observed to 298 behave in a similar way in both AIR and US experiments: the higher the k figures, the lower the 299 mass load densities (Fig. 6) Fig. 6 ). However, LSD intervals (p<0.05) in both AIR and US experiments overlapped for mass load densities of over 90 kg/m 3 327 (Fig. 6 ). This fact could be linked to the reduction of the ratio (acoustic energy/sample mass) as 328 the load density was higher, thus providing less intense acoustic effects. Another aspect to take 329 into consideration is that mass transfer is proportional to transfer area, which is affected by 330 loading, due to the fact that particles being in contact also perturb the transport process. Further
331
research would be needed in order to test these hypotheses.
332
The influence of power ultrasound on the external resistance to mass transfer may be explained 
374
increase is reduced at high mass load densities, in all likelihood due to the reduction of the ratio (acoustic energy/sample mass) or the transfer area available in the particles.
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